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About This Roadmap

The U.S. Department of Energy’ s Superconductivity for Electric
Systems Programs sponsored aworkshop that brought together a
broad range of experts from industry, universities, and the nationd
laboratories. This roadmap, which summarizes the ingghts of 90
workshop participants, sets forth the R& D agenda and specific
near-term activities needed to advance techniques for continuous
processing of high-qudity, low-cost coated conductors that will
lead to indugtrial-scde commercia manufacturing. Achievement
of this agenda will endble the availahility of the quaity and
quantity of high-temperature superconducting coated conductors
that meet the application requirements of electric power sysems

The workshop was organized by Energetics, Incorporated with the
help of Oak Ridge National Laboratory, Los Alamos Nationa
Laboratory and Argonne Nationa Laboratory. The workshop was
facilitated by Howard Lowitt, Richard Scheer, Melissa Eichner,
and Joseph Badin of Energetics, Incorporated. This roadmap was
compiled and prepared by Joseph Badin. Recognition and
gppreciation is extended to the many participants and reviewers for
committing their valuable expertise, time, and resources.

Disclaimer

The report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government, nor any
agency thereof, nor any of their employees make any warranty, expressed or
implied, or assume any legd liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represent that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

Coated Conductor Development Roadmap



Coated Conductor Technology Development Roadmap

Priority Research & Development Activities Leading to
Economic Commercial Manufacturing

Table of Contents

EXeCutive SUMMAIY ..ccccciiiiiimmmnniiiieinnrmmnecisscessssssesssssssssssssssssssssssssssssssssssssssssses ii
1.0 INErOAUCLION «..eeeeeeeeeeerereeeeeeeeeeeerssneeeeecesssssssesseeecssssssssaseeesssssssssssseesssssnnns 1
I R VT T o SRS RSPS 4

1.2 Priority Production SCale-UpP ISSUES.........ccceririririeiesesie st 5

1.2.1 Superconducting Film ThiCKNESS...........cccoooiiiiiiinince e 6

1.2.2 FIm DePOSItioN RELES........ccciiiiiiriirieeieree e e 7

2.0 MAterialS ISSUES.....ccccceeeeeeeerrrrseeeeeeceessssaneeeeeccssssssnsseseessssssssnssessssssssnnnnass 9
21 SUDSIIAtE SUMBCES. ......eiereieeieieeieie ettt ettt e b nre s 9

2.2  IBAD Template FilM .....c.oooiieiececece ettt 9

23  RABITSTemMplate FilM. ..o 10

24 1SD Template FilM. ..o e 10

P22 TR 1 = 1O @ B B T oo = 1 1 o o 10

2.6  YBCO Structure — Property RElatioNSNiPS .......cceeierieneereeesee e 11

A N € = g T = 10U o = =SS 11

P2 T = 1= o1 o] == S 11

3.0 Processing Options and Manufacturing SyStems........cccceeeceeecereeeccanees 13
3.1  Optionsfor Preparing Textured SUDSITELES. .........ccererererienineeeeeeeeee e 13

3.2  Optionsfor Applying HTS Materials Onto Textured Substrates.............ccccueeuenen. 17

4.0 Process-Related Technical ISSUES .......ccceceeeeecceeecrerecssneecssneecssnsacssnnsesses 26
5.0 Prlorlty R&D ACUVILIES. . uueeeerrrrreeecersrereessssnenecsssnssecsssnsasssssnsasssssnnasssns 28
Fabrication PatNWaYS ..........ccoiiieiice ettt 31

Substrate Development and CharaCterization.............ccceevveeiieicieeiee s s 32

Simplified Buffer Layer ArChiteCtUre...........oocoveiiieeieeieee e 33

IMproved YBCO QUEIITY .....c.ccueiieeciesiecie et ee et e e eas 34

Achieve Faster DePOoSItioN RELES ..........ccoveeeieeiiece e 35

Process Monitoring and Control Strategies/Methods ..........c.coovveeeeieienercsenecee 36

CoNduCtor CharaCteriZation...........cevvereeiereeresee e esee e seesee e e eeeseesreeeesreesseeneeas 37
Production Scale-Up (INAUSEIY- Led) ......coveeeeeieece e 38

End-User Applications (INAUSEY-Led) .......c.ooeiiiriiiieieeeseseeie e 39

6.0  The Road AREAd.......cceeeeerreereecrrreeeecerseeeccessseeeecssssssecsssasssesssssssesssssnsasses 40
Ti0  RELEIEIICES ceeeeeeeeeerrrrreeeeeeeeerrrssnneeeeeessssssssseseeessssssssssssesssssssssssssesssssssassses 41

Coated Conductor Development Roadmap Page [



Executive Summary

This Roadmap defines a near-term research and devel opment agenda to evauate, demondirate,
and accderate processing, fabrication, and manufacturing of high-temperature superconducting
(HTS) coated conductors that meet the needs of the U.S. dectric power industry. Advanced
power equipment containing HT'S components has the potentid to revolutionize the nation’s
electric power systems. Superconductivity will need to play a significant role if Americaisto
continue to have affordable and reliable eectricity.

Enormous strides have been made in conductor development for the gpplication of
superconductivity to dectric power systems. Recent achievements of critica currents exceeding
1 MA/cn? a 77K in YBCO deposited over suitably textured substrates have stimulated interest
in potentia applications of coated conductors at high temperatures and high magnetic fields.
This superior performance has been shown in small |aboratory samples of coated high-
temperature superconductors. Efforts are focused on scaling-up the processing on a continuous
basis while minimizing any degradation of wire performance.

The mgor issues for economical manufacturing of long-length Y BCO-coated conductors pertain
to developing a capatiility for continuoudy and uniformly depositing buffer layer(s), conductor
and barrier layer coatings with correct orientation at high rates over large area substrates. Of
course such a capability for the conductor has to meet the very important Y BCO requirements of
proper stoichiometric compodtion and epitaxia growth with biaxid texture.

This Roadmap examines maerids-related issues and processing and manufacturing issues.
Continuous manufacturing of long wires or tapes will require red-to-red type of processing and
will congs of at least the following operations:

preparation of substrate materid;

preparation and application of the seed and buffer layer(s);

preparation and application of the HTS material and required post-anneding, and,
preparation and goplication of the passvation/stabilization/insulation layer.

Each of these operations presents its own set of target opportunities and priority R&D needs.
The Roadmap presents the priority R& D needsin the following activity aress.

Fabrication Pathways

Substrate Development and Characterization
Smplified Buffer Layer Architecture

Improved Y BCO Qudity

Faster Deposition Rates

Process Monitoring and Control Strategies/M ethods
Production Scale-Up (Industry-Led)

End-User Applications (Industry-L ed)

Exhibit ES-1 shows aflow chart of the mgor operations digned with the mgor categories of
coated conductor R& D activities. For each of the areas listed above, the Roadmap linksR&D
needs and knowledge gaps to performance targets in 2005 and industry needsin 2010.
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Exhibit ES-1 HTS Coated Conductor Development and Manufacture

General Continuous Coated Conductor

Manufacturing Development
Operations Activities

Fabrication Pathways
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Application of the External
Protective (Passivation/
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Coated Conductor Development Roadmap Page ili



Numerous interrel ationships exist among the issues discussed in the Roadmap. Partnerships
between the superconducting wire manufacturers, equipment devel opers and manufacturers, and
end-users, such as dectric utilities and other dectricity suppliers, will be critica to successfully
meeting the challenges. Technology advancement plays an important rolein lowering

production costs and creating innovative new products. The successful achievement of thisR&D
agendawill require the combined talents of industry, academia, and government.

Continuous processing needs to be set up at the national laboratories so they can act asthe
advance team or “technology scouts’ to reduce risks and costs to the private sector. Expertise
and capabilities need to be transferred to private companies. The nationa |aboratories develop
the scientific and materias processing understanding underlying the technology. The
laboratories strengthen and expand their cgpabilities by working with universitiesin research
amed a addressing fundamenta technological issues. The laboratories dso work closdly with
industry by providing access to facilities and equipment and by arranging technica personnel
exchanges. Successful technology transfer requires ateam effort from national laboratory
facilitiesand industry. For example, both Oak Ridge Nationa Laboratory and Los Alamos
National Laboratory have set up separate high quality laboratory spaces for use by DOE
laboratories and their indudtrial partners. The laboratories will develop new equipment needed
for more rapid preparation and characterization of coated conductors. Industry will take the lead
in any subsequent production scale-up activities as wel as activities amed a satisfying end-user
goplication needsin the commercia marketplace.

The research priorities outlined in this Roadmap will be used as the basis for making new
research investments by government and industry. However, the Roadmap isadynamic
document that will be reevaluated at regular intervas to incorporate new market and technical
information and to ensure that the research priorities remain relevant to the needs of industry and
the electric utilities
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1.0 Introduction

Enormous gtrides have been made in conductor development for the gpplication of
superconductivity to eectric power sysems. The recent demonstration of record
superconducting performance in conductors prepared by coating thick films of YBaxCuszOx
(YBCO) onto flexible metdlic subgtrates has stimulated intense worldwide activity and
expectations for redizing the full potential for operating superconducting devices a liquid
nitrogen temperatures with current densities in the MA/cn range. The key ingredient in this
new development has been the ahility to deposit onto polycrystaline substrates Y BCO films that
are biaxidly textured, thus reducing the number of week, high angle grain boundaries that are
known to limit current trangport. This has been accomplished by developing two independent
techniques for preparing abiaxiadly textured template, upon which the YBCO filmis
subsequently grown epitaxidly. The two most advanced techniques are the ion beam-assisted
depaosition (IBAD) process, and the rolling-asssted biaxidly textured substrate (RABITS)
process. In addition, another method referred to as inclined substrate deposition (1SD) has dso
emerged as a promising method for the fabrication of YBCO conductors. The processng
methods are quite different in detail, but the overdl find Structures are rather smilar.

The IBAD technique achieves biaxid texture by means of a secondary ion gun that orients an
oxide film buffer layer while it is being deposited onto the polycrystaline metalic subsrate.

The RABITS process achieves texture by mechanicd ralling of aface-centered cubic metal and
subsequent heet treatment. The ISD process achieves texture by inclining the subgtrate to the
oxide plume. While dl three processes have succeeded in achieving very high YBCO criticd
current dengities on short samples, the development thus far has been largely empiricd in nature
and offers subgtantia opportunities for research and development activities that will establish
better understanding of the many steps in the processin order to make further progress and alow
commercid production on an industrid scae. Exhibits 1.1, 1.2, and 1.3 present the IBAD,
RABITS, and ISD processes, respectively.

One of the biggest hurdies to widespread application of YBCO coated conductor tapeis
developing a manufacturing process that will produceit in long lengths and &t prices competitive
to copper for applications such as motors, generators, transmisson cables, and other power
systems. In fact, most coated conductors have only been produced in alaboratory environment
with a characterigtic area of afew square centimeters. Thus, there presently is no infrastructure
for making long length coated conductors, like there is to make long length powder-in-tube
(PIT)-based high temperature superconductors. (PIT-based superconductors are primarily made
by drawing operations, somewhat Ssmilar to the methods of producing conventiona nor+
superconducting wire,) The coated conductors potentially have more superior performance than
available first generation bismuth based HTS compounds (BSCCO), in that they can have a
higher irreversibility fidd-temperature envelope and therefore can operate effectively at higher
criticd fiddsin the temperature range of 30-77 K. Theincreased performance is due to
differencesin materias rather than the processes, and the drawing operations cannot be used
with materials employed in coated conductors. However, there are severd dternative processes
proposed for depostion of highly textured YBCO onto long metdlic srips (i.e., coated
conductors). The published literature on various schemes to form HTS films on metdlic, semi-
metallic, or ceramic subgirates can be divided into physica methods and non-physical or
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Exhibit 1.1 IBAD Substrate Preparation Method

Argon Gas

4x104
7@ mm Hg

«— 0o

Nickel
Alloy
Tape . .
——p- Texturized Metallic
Substrate
Buffer/Template
Material (YSZ or MgO)
Vacuum |<—
Pump 4
Off-gases
- 9 J5
To Recovery/Treatment 18

Power > CI-I-ounn 1L-1958a

Exhibit 1.2 RABITS Substrate Preparation Method and
Pulsed Laser-Based Buffer Deposition
Pulsed-Laser Based
Buffer Layer Application
Metal ~ ‘ 02 H
Feed 4>L ’*A’ I — ) mm Hg
Stock ”o e
Hot-Rolling Rolling Assisted
Operation Biaxial
Texturized Texturized
Metal Tape exturize
- % Metallic
Annealing Substrate
Furnace
(900°C) Buffer
05 / Np Mixture —————> Ma‘tf"a' v
Vacuum
a3 é Pump
g8
L B 8
> aser Beam
Power Generator %
1S
- Off-gases
To Recovery / Disposal
IL-1957b
Page 2

Coated Conductor Development Roadmap




Exhibit 1.3 ISD Substrate Preparation Method
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chemica methods as shown in the table below. Conceptua manufacturing schemes that include
the following methods are discussed in Section 3.

Methods to Form HTS Films on Substrates

Physical Methods Chemical Methods
- Pulsed Laser Ablation/Deposition (PLA/PLD) - Sol-Gel
- Electron Beam—-Based Deposition - Chemical Vapor Deposition (CVD)
- Electrophoresis - Metal Organic Chemical Vapor Deposition
- Magnetron Beam-Based Deposition (MOCVD)
- Thermal Evaporation - Metal Organic Decomposition (MOD)
- Sputtering - Electrodeposition

- Aerosol/Spray Pyrolysis

Except for the eectrophoress technique, none of the published work started with a metdl
substrate on one end and ended with the coated materia at the other end. In order to develop
appropriate conductor coating schemes for the continuous process ng/manufacturing of long
wires or tapes or ribbons, additiona stepsthat are not part of the deposition scheme need to be
included. In generd, a §pool-to-spool or regl-to-red type of continuous manufacturing scheme
deveoped for any of the above techniques, would aso include at least the following operations.

Preparation of subgtrate materid;

Preparation and application of the seed and buffer layer(s);

Preparation and application of the HTS materia and required post-anneding; and
Preparation and application of the externa protective layer.
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These four mgjor operations are necessary because of the complete match required between the
four mgor components of the finished HTS wires'tgpes. The four mgor components are thus,
metal substrate, buffer, HTS, and outer passivation/insulation layer. From a literature search no
information was found about any work that has taken the concept from the metd substrate at one
end and produced afinished insulated wire product &t the other end. Most of the work described
is ether working with single crystas of buffer materia and/or smal samples of metd substrate.

In order to present options for continuous processing/manufacturing of long length of coated
wires, it was therefore necessary to conceptually develop schemes that would incorporate the
above operating steps and enable one to produce long lengths of wire in ared-to-red or spool-
to-spool mode, as shown in Section 3.

Exhibit 1.4 shows aflow chart of the mgor operations aigned with the mgor categories of
coated conductor R& D activities. Detailed technology development roadmaps are presented in
Section 5 covering the spectrum of R&D activities The activities specified in this roadmap are
focused on achieving the following vison.

1.1 VISION

Low-cost, high-performance YBCO Coated Conductors will be available in 2005 in kilometer
lengths. For applications in liquid nitrogen, the wire cost will be less than $50/kA-m, while for
applications requiring cooling to temperatures of 20-60 K the cost will be less than $30/kA-m.
By 2010 the cost-performance ratio will have improved by at least a factor of four.

HTS wires based upon coatings of YBCO on textured, buffered metdlic substrates will offer
unprecedented current carrying capacity at high temperatures and in the presence of strong
magnetic fidlds. Coated conductors aso will be fabricated using industridly scaable deposition
technologies, many of which are presently in use in the semiconductor and photographic film
industries, but which have not been adapted for use in continuous processing of the templates or
superconductor layers.

The U.S. will maintain its leadership position in HTS coated conductor development. U.S.
industry will gpply HTS devices to address critical issues in the nation’s long-term energy
strategy.

In the case of production of a coated conductor in long lengths, the vison explicitly presentsa
figure of merit composed of two measures. current capacity and cost. Any conductor will have
to meet some minimd vaue of engineering current density where the minimum vaue is
application specific. That isto say, it will, in generd, dways be desrable to maximize the
engineering current dengty, but the minimum acceptable vaues will be different in the cases of a
motor field winding and an underground transmisson cable.

1.2 PRIORITY PRODUCTION SCALE-UP ISSUES

The YBCO materia has a characteristic critical current of the order of 4x10° amps/cn? in seif-
fidd at 77 K when observed on epitaxid sngle crysas. In apolycrystdline structure, the
critica current dengty is dragticaly reduced by the presence of crysta boundaries which is
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Exhibit 1.4 HTS Coated Conductor Development and Manufacture
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termed “week link” behavior. Inthin films, it is desred to grow the films maintaining ahigh
texture in the film such that a highly aigned crysdline matrix having low angle grain

boundaries results. When thisis successfully accomplished, the film intergranular criticd

current dengity gpproaches the film intragranular current dengity. Aswill be more fully

discussd later, the HTS films are thin, being only of the order of afew microns thick.
Consequently, the films are deposited on ametalic strip for strength. 1t is believed that, while
handling problems are obvious, the metd drip can be asthin as 1 mil (25 microns). YBCO may
be subject to degradation by moisture so any thin film would require a hermetic sed aswell as
obvious dectricd insulation. In addition, many dloy tapes will require eectrica sabilization
with alayer of slver or another metd overlayer. The engineering current dendity isthe criticd
current divided by the tota conductor (superconductor and substrates) cross sectiona area. Itis
easy to see that when the cross sectiond overhead due to the metdlic substrate and
environmenta encgpsulation is taken into account, the engineering current dengity isonly a
fraction of the superconducting materid critica current dendity. From the outset it is therefore
desrable to maximize both the critical current dengity of the superconducting film and the
superconductor cross sectionda area relative to the total conductor cross sectional area.

Two methods of maximizing the superconducting materia’ s cross sectiond area are obvious:
Increasing the film thickness and coating both sides of the metdlic substrate. The latter isa
complication of the manufacturing process and may require that the substrate be heated to insure
proper film growth. Double-sded deposition with quartz lamp or resstive hegting may be
effective techniques. Increasing film thickness is not straight forward as there is evidence that
the film critical current dengity maximizes for thicknesses of afew microns. For submicron
thicknesses, or for the first fractional micron thicknesses of thick films, the critical current
dengty islowered due to misdignment of the crysdline ab-planes and for thick filmsthe c-axis
aignment normd to the subdirate plane deteriorates. In dl cases biaxia dignment, in the ab-
plane and c-axis direction, is a prerequigite for high intergranular critical current dendty. LANL
has developed a multilayer process that produces high qudity thick filmsthat are not limited to
2 microns.

The second eement for assessing a candidate manufacturing processis cost. This dement has
many facets. Processes requiring high vacuum may be more costly than an amospheric pressure
process, and processes having many sequential operations correspondingly have increased
materids cogts, processing speeds, and environmental contaminants al combine to determine the
find cog.

The two highest priority issues for successful production scale-up are:

Increasing Superconducting Fim Thickness while Maintaining High Current Density,
and
Increasing Flm Deposition Rates or Mass Throughput While Maintaining Qudity.

1.2.1 Superconducting Film Thickness

The manufacture of coated conductors requires that high qudity films be deposited on substrates
a high rates. The superconducting layer will be rlatively “thick,” in the range of 1 to 10
micrometers, wheress buffer layers, diffusion barriers, passvation layers, etc. can be thinner.
Since the thinnest commerciad metal tape substrates (e.g., of oxidation-resstant nickel
superdloys) are about 1 mil (25 micrometers) in thickness, it isimportant to have a thick

Coated Conductor Development Roadmap Page 6



superconducting film, so that the high J. (critica current dengity) trandates to high X

(engineering current dendity). The maximum useful thickness of the superconducting layer is not
yet known. Thicker layers are more prone to fracture; they are aso more prone to delamination
due to differentid therma expansion during processing. However, it is clear from a number of
dudies that films severd micrometersin thickness will be needed. A plausible cross section of a
future coated conductor is a 20 micrometer metal tape, coated on both sides with seed and buffer
layer(s), a5 micrometer YBCO layer, and capped with a0.5 micrometer passvation layer. In
addition, however, dloy substrates may need a stabilization layer many tens of micrometers

thick.

For YBCO of thickness higher than 5 micrometers, there are intrinsic obstacles since

1) aaxisgrans dat forming (granswith a-axis perpendicular to the substrate)
2) thereisinsufficient oxygenation as thickness increases (demonstrated in bulk samples)
3) defects accumulate and degrade J;

Although the god that a future conductor may have a 20-micrometer metal substrate with
5-micrometer YBCO films on both Sdesis aggressive, the desire for high technicd and
economic performance will eventudly result in conductors with a high percentage of high-J.
superconductor in the cross section. Actua cross sections will need to be compatible with
elementary gability requirements. It is known that Y BCO can withstand up to 0.5% strainin
tenson (morein compression). Los Alamos Nationa Laboratory has demonstrated that
compressive srains of 1% and tensile strains of 0.4% are permissible. For a 30-micrometer
structure, 0.5% strain corresponds to a bending radius of (1/2)(0.03 mm)(1/0.005) = 3 mm,
which is acceptable for most applications. Also, the LANL work, and earlier work in Japan as
well show rather directly that the films on metal substrates can be bent. Future thinner meta
subgtrates should result in increased flexibility.

1.2.2 Film Deposition Rates

Most YBCO films fabricated to date have been deposited over centimeter-sized substrates during
aperiod of afew minutesto hours. In laboratory studies the primary concern isfilm qudity, not
deposition speed. Straightforward scale-up entails deposition on larger substrates, and increasing
the power to the deposition gpparatus to boost rates until film quality begins to degrade.
Although it is thought thet long lengths of high- performance conductor can be synthesized by
these straightforward methods, akey unresolved question at the present time is whether these
long lengths can be manufactured economicdly. If the value of atape 1 cm wideisroughly
$1/meter, then asmdl manufacturing plant with avaue of tens of millions of dollars, must
produce severa million meters of tape per year, to judtify the investment. This ared rate of
production trandates to aminimum hourly rate of afew square meters per hour, in contrast with
current laboratory rates of afew square centimeters per hour. Thus film deposition rates must
increase by about 4 orders of magnitude. While the projected ared rate is high, the volume of
superconductor to be deposited per hour will only be afew tens of cubic centimeters per hour.
All requirements of deposition rate depend on the critica current density achieved.

Much of the needed gain in deposition peed can be obtained by scaling up the size of the
deposition zone from afew square centimeters to afew square meters. Deposition on large areas
can be followed by a ditting operation to Size the tape to afind width. Alternatively, it may be
advantageous to improve the specific film deposition rate (that is, the rate of film thickness
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increases in dimengons of micrometers per minute), which would permit the use of asmdler
deposition zone.

Smadl-scae laboratory deposition rates are typicaly only afew angstroms per second; the
growth of amicrometer thick film then requires roughly an hour. Since one would like to

deposit a least afew square meters per hour, the size of the deposition equipment would need to
be rather large. An order of magnitude increase in deposition rate can permit the deposition
chamber dimension to be reduced by afactor of 3, and the cost of the chamber correspondingly
can probably fal by afactor of about 30. Thus, thereisaggnificant incentive to increase
deposition rates. For very thin buffer layers, the deposition rate may be less critical.

Each film deposition process will have some maximum rate, beyond which defects or other
problems such as supplying source materia or removing by- products may become limiting. For
example, diffuson of the depositing atloms on the growing film surface requirestime. If the
deposition rate istoo high, then some atlomswill not have time to diffuse to their “proper” Stes.
Research is ongoing to determine what these maximum rates are for various processes.

A few specific examples from the published literature can indicate some of the increased rates
achieved so far. For pulsed laser depostion, YBCO coatings have been formed at rates higher
than 1 micrometer per minute. Thisis done by increasing the pulse rate of the laser.
Unfortunately, the Sze of the laser plume is such that only asmal number of square centimeters
of subgtrate can be coated by a single laser, so that larger lasers and multiple lasers would appear
to berequired. LANL has dready demonstrated depositing 1 micron thick filmson 1 meter
lengthsin 4 minutes with PLD and achieving the same HTS properties. This rate correlates to
1500 sguare centimeters per hour. With photo-assisted MOCVD, rates on the order of 1
micrometer per minute of YBCO have aso been achieved. In this case, the present high cost of
the precursor metal organic compoundsis an issue.

E-beam co-evaporation is believed to have consderable potentia for large area deposition at
high rates. This technique has coated substrates up to 9 inchesin diameter with YBCO, a
nomind rates of 24 nm/min. For co-evaporation, an important issue can be the accurate balance
of evaporation rates from the separate Y, Ba, and Cu sources.

For rdatively thick YBCO films, grown at high speed, it can be expected that oxygen anneding
will require attention. In small scale growth, the films are generaly cooled dowly from ahigh
deposition temperature (above 700°C) in oxygen. During this cooling oxygen is absorbed by the
films (at 400 to 500°C), and the non-superconducting tetragona phase is converted to the
superconducting orthorhombic phase. Since this oxygen diffusion can be ardéatively dow
process, particularly in the c-axis direction and the silver overcoat process may remove oxygen,
it isanticipated that spools of Y BCO tape may need to be batch annealed to ensure adequate
oxygen uptake.

This roadmap identifies the priority R&D activities that address these mgjor issues and therefore
would sgnificantly enhance progress in coated conductor development in large-scae
superconducting electric power systems.
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2.0 Materials Issues

The material in this section is reproduced and modified from portions of the following paper:
D.K. Finnemore, et al., “Coated Conductor Development: An Assessment,” Physica
C 320, 1999, 1-8.)

The following issues have been idertified as being key to enhancing the performance and to
reducing the cost of processing coated conductors to the levels that will help bring
superconductivity into the marketplace.

2.1 SUBSTRATE SURFACES

The requirement of maintaining a high degree of intergrain aignment may place sringent
requirements on the surface smoothness of the metdlic substrate. Asyet, there has been no
systematic determination of the effect of surface roughness on the subsequent granular dignment
of the deposited layers or of its effect on the superconducting properties of the YBCO films.
This needs to be established, dong with techniques for achieving the required surface
smoothness over long lengths of metdlic tape by economica means. Specific activities include:

1) Invedtigate the effects of controlled degrees of surface roughness on grain orientation of
seed layer, buffer layers, on the YBCO layer, and on the criticd current of the YBCO
layer.

2) Devdop methods for improving surface finish (planarization) with agoa of a surface
roughness less than 10 nm. New methods might involve “ion beam cluster” and “sol-gd”
techniques.

3) Determine the effects of gpecific surface features on metalic surfaces, on the buffer layer
structure and on J. of the deposited YBCO films

4) Determine meansto control the buffer layer morphology.

2.2 IBAD TEMPLATE FiLM

The basic mechanism of the IBAD processis poorly understood. Deposited grains of the oxide
compound that are nucleating and growing on the substrate are being bombarded by ions from
the secondary gun at an angle that coincides with a specid crystdlographic orientation of
sdected grainsthat grow preferentidly, resulting in the development of abiaxid texture.
Optimum texture for the Y SZ compound, when bombarded along a<111> axis, evolves
gradudly as the thickness increases, and requires film thickness near 1 nm. Thisistime
consuming and costly. A recently discovered dternaive to Y SZ is MgO, which develops the
same degree of texture a athickness of only 10 nm. The process by which this texture develops
has no fundamental basis of understanding. A research program would need to assessthis
problem. Researchinthisareaisunderway at Stanford Univergty and a the University of
Michigan.
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2.3 RABITS TEMPLATE FiLM

Primary issuesin the future development and improvement of RABITS-based conductors include
sharpness of the texture distribution along the meta or aloy srip, purity, uniformity of texturein
the metd dtrip, epitaxy, crysalinity, adherence, and integrity of the buffer layers. Although the
c-axis dignment of the superconducting layer is generdly better than that of the underlying

buffer layers and metal, grain boundary misorientation in the superconductor is generaly
determined by the misorientation didtribution in the meta subgtrate. Strongly misaligned grains

in the metd, as may result from twinning or the presence of a second texture component, lead to
nonepitaxial randomly oriented (or even amorphous) regionsin the buffer layers. Such regions
result in high angle grain boundaries in the superconductor, and may aso lead to reactions
between the superconductor and the substrate.

The buffer layers have the dua functions of chemicaly isolating the superconductor from the
metal, and transmitting the texture of the metd to the superconductor. The buffer layer structure
must not chemically react to a Sgnificant degree with ether the textured metd or the
superconductor, and it must prevent diffusion of components of the metd to the superconductor.
Both buffer layer microstructure and isolation properties are known to vary with the deposition
process (sputtering or e-beam evaporation) and deposition conditions. Buffer layer architectures
on which high J superconducting films presently have been obtained consist of two or three
oxide layers. Development of an effective single layer buffer is highly desirable.

In alarge portion of the work on RABI TS, nickd has been used as the texture materid. Highly
textured metd drips are needed that are stronger than nickel both at the elevated temperatures
required at some stages of conductor fabrication and at the operating temperatures of the
superconducting devices. Textured metd substrates that are nonmagnetic or have substantidly
reduced magnetism at device operating temperatures are also desirable. Various approaches to
fabrication of stronger substrates with reduced magnetism have been suggested, including
composite structures and dloys.

2.4 ISD TEMPLATE FILM

ISD isardatively new technique that holds promise as a viable technique for long-lengths
because it: does not require expensive ion SOUrces; is aroom temperature process, is extremely
fadt, and; can be used on untextured metal substrates. Biaxid texturing of an oxide seed layer is
obtained in ISD by inclining the untextured polycrystaline substrates at an angle with respect to
the vapor source (e-beam, laser ablation, etc.). Unlikethe IBAD process, in 1SD thereis no
bombardment of an assgting ion gun to induce biaxid texture. It has been experimentaly found
that the inplane texture of the oxide seed layer deposited on hastelloy substrates by 1SD is not
dependent on deposition rates from 2.5 to 100 A/sec, making this technique amiable to cost-
effective production scale-up. This has important implications on the manufacturing scae-up of
coated conductors. More extengve film growth and microstructura studies need to be
performed in order to gain a thorough understanding of the materids processing issues involved
inthe 1SD process.

2.5 YBCO DEPOSITION

A variety of deposition techniques have been employed to deposit the 1-5 mm thick YBCO films.
The properties of these films depend criticaly upon the microstructures that develop during the
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nucleation and growth of the films. These microstructures depend on the subgtrate properties,
the particular deposition technique, the processing conditions and the film thickness. Thereis
yet little fundamenta understanding of the nucleation and growth processes and how specific
microstructures develop. Research requirements include the following.

1) Investigation of nucleation and growth mechanismsfor dl buffer layer and YBCO
deposition processes. The growth conditions for desired microstructures should be
determined for each deposition process and for desired layer thicknesses.

2) High qudity films require precise control of film stoichiometry during deposition over
long time intervas

3) Synthedsof thin filmsusing high fluxes of aomic oxygen. The flux of atomic oxygen
can be used to grow YBCO a subgtantidly higher rates. Thisisapossblerouteto a
faster, more economical deposition process.

4) Alternative nonvacuum processes for fagt, reliable and economic depostion of YBCO
should be pursued. Theseinclude MOCVD, sol-gd and liquid phase epitaxy.

2.6 YBCO STRUCTURE — PROPERTY RELATIONSHIPS

The superconducting properties of YBCO films are determined by their microstructures. In
particular, the dependence of the critical current dengity upon temperature, magnetic fidd and
field orientation shows subgtantid variation with microgtructure, which must be controlled to
produce optimum values.

2.7 GRAIN BOUNDARIES

Grain boundaries in complex oxides pose particularly interesting and difficult problems whose
solutions are vital to a number of practical and fundamental issues related to coated conductors
specificaly, and to high temperature superconductors in generd. In many cases, these issues are
generic to other complex eectronic oxides aswell, such asferroelectrics and colossa
megnetoresi stive manganites as well asissues of grain boundariesin generd.

Recently, coated conductors using Y BCO deposited onto crystalographicaly oriented substrates
have demonstrated remarkable successes and have emerged asits most promising method to
develop practica high-current, high-field applications operating at 77K. Thereisasdgnificant
competition between the performance and economic cogt, as related to the degree of grain
orientation achieved. Coatings with large misorientations are more essily fabricated, but the
resulting high-angle grain boundaries can severdy limit the critica current density, J.. Thus, a
fundamenta need isto evaluate and understand what controls the grain boundaries conductivity
asafunction of grain boundary angle. Such information can lead to possible methods to improve
grain boundary performance and aso suggests the degree of orientation to strive for. Both Oak
Ridge Nationa Laboratory and Los Alamos National Laboratory have defined this relationship.

2.8 PRECIPITATES

The development of low-cost processing methods that will produce aregular array of precipitates
or second phase particles to act as pinning centers for the flux line lattice presents specid
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problems in these oxide conductors because there are so many different eementsin the
superconductor and because the bonding is often ionic and anisotropic. Research needs include
processing research for the commercia scae production of nanosca e nonsuperconducting
second phases in superconducting materid grains and development of in-Stu measurement
techniques for ortline and real-time diagnostic studies such as environmenta scanning eectron
microscopy, Raman and infrared spectroscopy, neutron and synchrotron-generated X-ray
diffraction and scattering, and ultrasonic probes. Theideais to obtain red-time chemicd and
sructurd information about phase composition and phase transformation, oxidation states, grain
and grain boundary growth processes, texture development and quality, defect formation, and
impurity effects.

Coated Conductor Development Roadmap Page 12



3.0 Processing Options and Manufacturing Systems

The material in this section is reproduced and modified from portions of the following report:
“Evaluation of Methods for Application of Epitaxial Buffer and Superconductor
Layers,” Topical Report, UTSI 97-02, DOE/PC/95231-11, March 1999.

In order to develop appropriate conductor coating schemes for the continuous

process ng/manufacturing of long wires, or tapes, or ribbons, additiona steps, not previoudy
investigated, need to be included in the different deposition processes. In generd, red-to-red
types of continuous manufacturing schemes developed out of any of the above techniques, would
conss of at lesst the following operations

Preparation of metd substrate materid;

Preparation and application of the seed and buffer layer(s);

Preparation and application of the HTS material and required post-annealing, and;
Preparation and gpplication of the passvation/stabilization/insulation layer.

Exhibit 3.1 shows the materidls and engineering related parameters to be consdered for each of
the four operations in continuous processing of coated conductors.

Conceptudly, the manufacture of HTS thin film conductors or tapes will consst of ameans of
epitaxialy growing the HTS on a suitable garting subgtrate. The substrate must provide a
auitably textured surface to promote the required ordered growth of the HTS grains such that low
angle grain boundaries result. This, in turn, implies that the surface | attice dimensons should
gpproximate and be compatible with those of the HTS thin film. In addition, the substrate should
possess the strength and flexibility required of a conductor and have a favorable match of its
thermal expansion with that of the superconductor. The substrate material should also be
thermally and chemically compatible with dl of the intermediate deposition or growth processes
involved in credting the superconducting film on its surface.

3.1 OPTIONS FOR PREPARING TEXTURED SUBSTRATES

Three processes for producing metallic subgirates are currently being studied. In the first
process, described as the Rolling Assisted Biaxialy Textured Subgtrate (RABITS) process, the
garting metd srip isrolled and anneded to promote a textured surface as shown in Exhibit 3.2.
Many metds are amenable to such mechanica texturing but the present metas of choice are high
purity nickd or nickd dloys (NFCr or Ni-W). A suitable buffer layer system is gpplied on the
rolled and annedled metd drip. Although, in Exhibit 3.2 this buffer layer gpplication is shown
being carried out using pulsed laser deposition, it can equally be carried out using sputtering,
electron beam evaporation, or asol-ge process. In the literature, scientists have gpplied yitria
gtabilized zirconia (Y SZ), cerium oxide (CeO5), lanthanum duminate (LaAlO3), barium
zirconate (BaZrO3), and other ceramics in single congtituent or multi-condtituent layers to
provide a buffered, textured subsirate for the YBCO.
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Exhibit 3.1 Important Parameters for Continuous Processing of Coated HTS Wires/Ribbons
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Exhibit 3.2 RABITS Substrate Preparation Method and
Pulsed Laser-Based Buffer Deposition
Pulsed-Laser Based
Buffer Layer Application
Feed_>[, + u @ mm Hg
Stock >
Hot-Rolling Rolling Assisted
Operation Biaxial
Texturized Texturized
Metal Tape exturize
- % Metallic
Annealing Substrate
Furnace
(900°C) Buffer
0/ No Mixture —————> Ma‘tf"a' v
Vacuum
9 E Pump
o LaserB 8
aser beam
Power Generator &
=
O
- Off-gases
To Recovery / Disposal
IL-1957b
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The other option for producing textured metdlic substrateis called the lon Beam Asssted
Deposition (IBAD) process and is shown in Exhibit 3.3. The IBAD process differs from the
RABITS process in that no texture is forced on the starting metal strip, but rather the first buffer
layer laid on the metd dirip isforced to have a preferred texture independent of the underlying
metd grip. Thisis accomplished by usng an ion beam impinging on the thin film buffer surface
asit isbeing laid down by vapor phase deposition. Thus, in the IBAD process, the required
surface texture results from the initid buffer layer deposition rather than using the meta surface
asaninitid growth template. Various metals could potentialy be used as the subgtrate base
metal, but a high nickel content super aloy, isthe preferred choice because of its easy
avalability, high-temperature strength, and good therma expansion match with the buffer and
YBCO materids. TheIBAD-Y SZ processisadow process and by its generd natureis carried
out only as a vapor phase deposition process. IBAD-MgO, in contrast is very fast dueto the
need for athin IBAD layer followed by a homo-epitaxid MgO layer. Although in Exhibit 3.3,
an ion beam is shown as the source for vaporizing the buffer materia (Y SZ), alaser powered or
sputtering scheme could be considered aswell. Like RABITS, IBAD representsafamily of
possible options involving various buffer and base metd materias.

Thethird option for producing textured metallic substrates is called inclined subgtrate deposition
(1SD) and is shown in Exhibit 3.4. Like the IBAD process, the ISD process differs from the
RABITS processin that no texture is forced on the starting metalic substrate, but rather the first
buffer (seed) layer laid on the metd dirip isforced to have preferred texture independent of the
underlying metal subgrate. Thisis accomplished by inclining the substrate at a prescribed angle
to the plume. Various metalg/aloys could potentialy be used as the substrate materid. The ISD
processis very fast (»100 A/sec). Although, in Exhibit 3.4, 1SD buffer layer gpplication is

Exhibit 3.4 ISD Substrate Preparation Method
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shown being carried out using eectron beam evaporator, a PLD or sputtering scheme could be
considered aswdll.

As described above, RABITS, IBAD and ISD dl provide a textured substrate that conssts of a
garting meta strip with appropriate buffer materid(s) laid down with a preferred orientation.
This textured substrate then provides the foundation over which the HTS film is deposited using
various physica and/or chemicd methods.

3.2 OPTIONS FOR APPLYING HTS MATERIAL ONTO TEXTURED SUBSTRATES

The textured substrate obtained from the RABITS, the IBAD or the 1SD processes provides a
garting materia over which the epitaxia layer of YBCO (HTS) can be gpplied using various
candidate options. The process schematics for such YBCO deposition options are shownin
Exhibits 3.5-3.13, and brief descriptions for each of these flow sheets are as follows.

Pulsed Laser Deposition/Ablation (PLD/PLA). A process schematic incorporating pulsed laser-
based YBCO deposition is shown in Exhibit 3.5. The primary characteristic of this processis

that YBCO targets, which have been processed off-line by a variety of possible methods, are
vaporized or ablated by alaser source. The vaporized YBCO is deposited as afilm on the
substrate at about 800°C in alow pressure amosphere containing an O>-N, mixture. PLD is
effectively atransfer of YBCO from atarget source to the substrate surface.

E-Beam Based Deposition. A process schematic for YBCO deposition by the E-beam technique
isshown in Exhibit 3.6. The features of E-beam deposition of YBCO are that the E-beam
vaporizes lementd Y, Ba (or Ba, for the ex-situ process) and Cu which are deposited in oxide
form at very low pressures (~10"° mm Hg), at 740°C under an atomic oxygen atmosphere. The
E-beam technique synthesizes Y BCO on the subgtrate from its constituent elements or in the case

of the ex-situ approach, enables deposition of YBCO precursor. The ex-Stu process is thought

to be very dow (1A/sec converson rate) but is donein ardativey inexpensve and non-vacuum
furnace. Thein-Stu processis unproven for tapes athough it has been used for wafers.  This
process does not require the costly and time consuming post water heat trestment to remove
fluorine.

Metal Organic Chemical Vapor Deposition (MOCVD). 1nthe MOCVD scheme depicted in
Exhibit 3.7, the Y, Baand Cu are introduced as vaporized forms of highly pure organic

precursors. It isanticipated that a mixture of Y(TMHD)3, Ba(TMHD), and Cu(TMHD), (where
TMHD stands for 2,2,6,6-tetramethyl-3-5 heptanedionate) would be prepared in an organic
solvent mix that consigts of tetrahydrofuran (THF), isopropanol and tetraglyme. The product

mix is believed to be very sengtive to trace leves of contaminants and is correspondingly costly

for high purity. Application of the precursor is carried out in aMOCV D chamber maintained at
about 600-850°C and at a pressure of 1-10 mm Hg. The required N,O/O, plasmais introduced
from a plasma generator tube and vaporized Y-, Ba-, and Cu- containing precursors are conveyed
by flowing N, at about 230°C to the deposition chamber.

Sol-Gel. The s0l-gd method is a solution growth technique and is devoid of energetic particles
for trangport or vaporization of precursor materid but rather uses a conventiond dip coating of a
precursor bearing liquid which is subsequently dried and reacted. A process schemétic for the
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Exhibit 3.5 Pulsed Laser Deposition
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Exhibit 3.6 E-Beam Based Deposition
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Exhibit 3.7 MOCVD Method
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sol-gd techniqueis shown in Exhibit 3.8. A g solution containing precursors is prepared by
mixing organic solutions of Ba-akoxide and Y-akoxide in 2-methoxy ethanol, with a solution of
copper oxide in pyridine. Vacuum didtillation and partia hydrolysis are used to convert the
organic solution to agd solution of desired concentration and flow characteristics for dip
codting. It isbdieved thet repetitive dip coating processes with the gel will be required to
produce film of uniform crygaline structure and desired overal thickness. Between successive
coatings, the deposited gel containing the precursorsis pyrolyzed in an oxygen atmosphere at
150-250°C to vaporize organic solvent and to oxidize the precursors.

Chemical Vapor Deposition (CVD). This paticular chemica coating option uses commonly
available halide salt precursors: Y (from Y Ck), Ba (from Bal,), and Cu (from CuCl) and the
processis depicted in Exhibit 3.9. The precursor salts are thermally vaporized and conveyed in
gtoichiometric proportions to a common mixing point by flowing N». Coating of the textured
substrate by the vapor mixture is carried out in a chamber maintained at 750-950°C, and 20 mm
Hg pressure under amoist O, atmosphere.

Aerosol/Spray Pyrolysis. Another chemica coating technique that uses commercidly available
st precursorsis the aerosol/spray pyrolyss technique which is shown in Exhibit 3.10. Aqueous
solutions of Y (NOs)s, Ba(NOs3)2 and Cu (NOs), in stoichiometric amounts are prepared from
high purity nitrates and water. The texturized subdtrate is coated with the atomized precursor
solution in a spray chamber where the substrate speed, chamber temperature and O, partia
pressure are process variables of importance. Like the dip coating step in the sol-gel process
described above, it may be necessary to use amultiplicity of spraying operations to acquire the
desired YBCO film thickness and epitaxy.

Metal Organic Decomposition (MOD). The MOD process, depicted in Exhibit 3.11 issmilar to
the aerosol spray pyrolysis described above. 1nthe MOD process, stoichiometric proportions of
Ba, Y and Cu acetates are mixed in aqueous trifluoroacetic acid. The resulting mixture is dried

and re-dissolved in methanal to form an organic solution of trifluoroacetates which is used to dip
coat atextured substrate. The coated tape is oven heated at about 200-400°C under O
amaosphere to remove water of crystallization and excess organic solvent and to convert the
trifluoroacetate film to oxyfluoride form. Repetition of the coating and baking operations may

be required to achieve the desired film thickness.

Electrodeposition. Thisis an dectrochemica method whereby dissolved materid in an ionized
form is uniformly deposited over the substrate maintained at the appropriate polarity. Inthe
literature, no information was found related to suitable buffer coating over a metd subdtrate,
however, it is assumed here that this technique would work on any suitably textured substrate.
An eectrodeposition process schematic is shown in Exhibit 3.12. The precursor solution is
prepared by mixing stoichiometric quantities of Ba(NOs),, Cu(NO3)2-2.5 H,O, and Y (NO3)3-6
H>0 in deionized water (acidified with dilute HNO3 solution) and then by further diluting with
isopropanoal to provide the desired nitrate concentration. The textured substrate is coated with
the precursor materid in an dectrolytic cell and subsequently dried at about 150°C to remove
adsorbed water and convert some meta hydroxides to appropriate oxide form. They are then
subjected to high-temperature treatment to complete the YBCO conversion
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Exhibit 3.9 CVD Method
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Exhibit 3.10 Aerosol/Spray Pyrolysis Method
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Exhibit 3.11 MOD Method
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Exhibit 3.12 Electrodeposition Method
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Electrophoresis. Electrophoressisthe only candidate coating option discussed herein that has
been used to produce kilometer lengths of conductor at rates up to 1 m/min. Thiswork was done
on slver tapes and yidded low J. YBCO. Animproved verson utilizing atextured substrateis
proposed in the process schemdtic presented in Exhibit 3.13. The process uses findy ground
YBCO in anon-agueous liquid which is transferred to the substrate in an eectrophoretic cdl.

The coated substrate is then sintered in a furnace maintained a 950-1030°C under O2/N> (low
pO, amosphere) and with a residence time of about 1-30 min to ensure compete oxidation.

Of the nine processes described above, PLD/PLA, E-beam based deposition and electrophoresis
are physical deposition processes and the others are chemica deposition methods. In addition,
PLD/PLA and E-beam based depositions are the only processes that result in athin film of
YBCO in the substrate and require no additional post coating thermal trestment. The other
processes, MOCVD, sol-gel, CVD, aerosol/spray pyrolysis, MOD, e ectrodeposition and
electrophoress dl required post coating thermd trestment to complete the anneding and
oxidation of the deposited film to the desred YBCO phase. At the various steps within each of
the processes described waste streams of materid are generated as results of decompaosition of
precursor materials and inefficiencies of the coating processes. In some cases, asin case of the
halide sats used in chemica vapor depostion, the waste streams can be highly corrosive and
environmentaly unfriendly.

Finaly, the end step in dl nine processes would be a common fina step comprised of a

passivation/stabilization/insulation layer to provide the fina finished conductor product in a
usable form.
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Exhibit 3.13 Electrophoresis Method

Organic Organic .
LI L Silver
Liquid | ’
Y203 q Liquid r Powder
BaCOj3
Slurry Slurry
Mixer > Calciner > Pulverizer %1 Mixer #1 Mixer #2
CuO ! l
HTSM Slur
< ry
Silver Slurry
(low pO») (low pO»)
O2+Np Electrophoresis 02+ N
} Chamber #2
Texturized
Substrate
K ®
Electrophoresis A
Chamber #1
\
Sintering Sintering
Furnice #1 Furnace #2
9500C - 8500C -
1030°C 950°C
Off-gases to recovery/treatment & ¢ }
.
05 j ﬁ
l:> Oxidizer/Cooler |:> Finished
Product
500°C - 25°C

IL-1899
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4.0 Process-Related Technical Issues

The material in this section is reproduced and modified from portions of the following report:
“Evaluation of Methods for Application of Epitaxial Buffer and Superconductor
Layers,” Topical Report, UTSI 97-02, DOE/PC/95231-11, March 1999.

The mgor issues for the economica manufacturing of long-length Y BCO- coated conductors
pertain to the capability of uniform, epitaxial deposition a high rates over alarge areawith a
continuous process. Of course such capability has to meet the other important requirements of
proper stoichiometric composition and epitaxial crystaline structure.

For each of the processing options discussed in Section 3, various technicd issuesfal into the
following generic areas where additiond R&D work is needed.

Cost of chemicals—There is aneed to find cheaper sdts or develop dternative but
ample ways of making them.

Mass transfer and reaction kinetics data—TO0 design a deposition chamber, pyrolyzer
or thermal treatment (oxidizer, cooler, etc.) rates at which the chemica

transformations are taking place and/or the species are being transported across the
phase boundaries need to be known. Appropriate mathematical models need to be
developed from the laboratory scale experience so that the datalresults can be scaled-
up to larger/commercid scae systems.

Diagnostics and control—The requirement of high J. performance necessitates very
sophisticated and quick response type diagnostics and control syslem. Ontline
control systems to meet such needs are either not sufficiently developed or do not
exist. Experiences from related commerciad operations can be useful, but the needs
may be quite different; and therefore, parameters of importance and ways and means
to monitor them on-line may involve Sgnificant efforts.

Environmental issues—Even though the quantities of chemicals used and water
products (liquids and gases) produced will be small in comparison to other
manufacturing indudiries, with the ever increasing demands on environmental
acceptability and compliance, the mgor waste products from the system will need to
be identified, characterized and then gppropriate recovery/treatment/disposa options
will need to be devel oped.

Outer passivation/stabilization/insulation layer—With YBCO being chemicaly
sengtive to moigture and air, an effort needs to be started to identify suitable
candidates for this protective layer aswell as the gppropriate method to apply them
over the coated conductor wires/tapes. A suitable amount of silver will be required
for some gpplicationsin order to provide dectricd stability in the event of afault.

Splice connections—It ssemstha in commercia manufacturing of long-length coated
conductors, a need may exist to connect sections of the good/acceptable wiresto
make along wire of desired length for economic reasons. To maintain continuity in
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the superconducting properties at such connections, suitable materids aswell as
appropriate techniques to incorporate them will be needed.

Overall cost of production—Because al the sequentia steps in the processing of a
coated conductor wire are not carried out yet, the estimated cost of production needs
to include adequate details or judtifications for the various cost parametersthat are
involved in its development. An unbiased effort needs to be made with help from
industria partnersto develop the cost of the finished product usng available
information and standard estimating procedures. This effort will either vaidate the
desired target or it will identify the areas where the costs need to be reduced.
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5.0 Priority R&D Activities

A number of R&D activities were identified to facilitate the achievement of the vison. For each
technology development area (see Exhibit 1.4), Exhibits 5.1-5.9 present R& D needs, activities,
year 2005 performance targets, and industry needs in 2010.

The technology development areas include:

Fabrication Pathways

Substrate Development and Characterization
Simplified Buffer Layer Architecture

Improved YBCO Quality

Faster Deposition Rates

Process Monitoring and Control Strategies/Methods
Production Scale-Up (Industry-Led)

End-User Applications (Industry-Led).

The following materids-reated R& D activities received the highest priority:
Microstructure Evolution

Investigate microstructure evolution during various types of processing, including
electron microscopy and theoretical modeling. (2003)
Nucleation and growth, buffer-123; precursor-123/buffer reactions
Understand and improve deposition rate, microstructure, and performance
relationships
Need more TEM studies that relate microstructure to processing variables:
temperature, deposition rate, thickness, etc. to performance
Determine processing parameter space for 123 (e.g. temperature, PO,, time) (2003)
Determine the formation and growth dynamics of YBCO layers consdering the phase
diagram (2004)
Develop detalled understanding of J. versus thickness dependence (2003)

Grain Boundaries
Conduct research on the chemistry and physics of grain boundaries and how that
relates to current carrying capacity (2005)
Deveop doping process to increase J; across grain boundaries
Develop methods to reduce grain boundary misorientation (2005)

Flux Pinning

Conduct continuing research on various types of process-pecific microstructures and
their effects on flux dynamics and current flow (2005)

Coated Conductor Development Roadmap Page 28



Substrates

Buffers

Deveop technique for optimizing thermo-mechanical processes for texturing metas
(2002)
Reduce substrate surface roughness, improve texture quality, and reduce grain
boundary grooving

Continue efforts to improve the development of nickd dloy which is sronger,
thinner, has better texture, lower hysterisis, and is non-magnetic (2002)

Develop smooth, low cost hastelloy platform for IBAD and 1SD templates (2002)
Determine the dependence of the find metd subgrate texture on sarting
microstructure and chemistry (2003)

Develop 1SD, MgO/Y SZ or other metal oxide template layers for fast production of

YBCO tapes (2003)

Conduct basic research on IBAD MgO process (2005)

Conduct epitaxid studies of buffer/substrate, 123/buffer (2005)

Conduct research on substrate/IBAD, MgO/buffer layer/Y BCO stack interactions
(2005)

Conduct research on subgtrate/ISD MgO or Y SZ/buffer layer/Y BCO stack
interactions (2004).

Deposition Techniques

Equipment

Develop dternative deposition methods for low cogt, long lengths eg. MOCVD,

CCVD, Nonvacuum processing for buffer and YBCO coated conductor (2007)
Deve op non-vacuum processing for buffer layers, YBCO coated conductors

Develop method(s) for increase YBCO production rates, increase area (2005)

Develop faster and more reproduci ble methods for fabricating both templates and

YBCO films (2003)

Conduct endurance tests of deposition techniques (2003)

Develop high power, low cost pulsed lasers (2004)
Develop ingrumentation for R& D and scae up (2003)
Develop improved continuous testing techniques (2005)

The following conductor manufacturing-related R& D activities received the highest priority:

Production Scale-Up: Low-cost fabrication of 1 km conductor with high J,
Substrate Development: Long-lengths of coated conductors with norn-magnetic
substrates

Demondirating textured IBAD and ISD subgtrate fabrication in long lengths

Performing basc R&D of texture mechanisms and kinetics

Developing well textured and smooth surfaced tapes.
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Within these aress, the following key task/pathways were identified:

Increase understanding of and developing improved rolling technology and
techniques'tools to produce consstent long lengths for RABITS
Demondrating and improving red-to-reel IBAD operation
Optimizing texture in non magnetic nickel dloy (or others)
Developing improved buffer layers
Developing new technique to reduce surface defects.

Process monitoring and control

Joining and repair

Alternative Production: Multilayer R&D to get around wesk links

Fabricate application specific prototypes

Establish standards for characterization
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Present

R&D NEEDS/

KNOWLEDGE
GAPS

Exhibit 5.1 Alternate Fabrication Approaches

R&D Activities

2002 2003 2004
2005

Encourage novel methods/clever

<“4—ideas to overcome weak links:

materials, processing architecture

* Fundamental
understanding of
microstructure and
factors affecting current
carrying capability

e PLD-Laser:
cost/performance

* Understanding J,,
versus thickness

* BaF-evaporation: need
rate monitors

« Limits to epitaxial
growth

« All effort now focused
on high aspect ratio
tape

 Learn how to make c-
axis radius of a
cylindrical substrate

» Make cylindrical
substrate from tape

» Make cylindrical
substrate (from scratch)

Bring continuous IBAD MgO
to the same performance as
IBAD YSZ

Achieve RABITS with single
buffer layers

Understand
fundamental GB
properties Why J.
decreased?
Doping GB's?

Continue research on
various types of process-
specific microstructures and
their effects on current flow

Multilayer R&D to
get around weak
links

Develop ISD
technique

Develop alternative
deposition methods for low
cost, long lengths, e.g.,
MOCVD, CCVD, non-
vacuum processing for
buffer and YBCO coated
conductor

Textured YBCO
growth without
textured
substrates

Investigate
alternative
conductor
geometries and
deposition
methods

Explore simpler
textured substrate
approaches

Increase BaF,, TFA process
area

Demonstrate e-beam for
large area

with cylindrical

gel deposition
fabrication and
achieve rapid

deposition

Make a conductor

symmetry or sol-

Evaluate benefits
of using cylindrical
conductor in each
power sector
application and
estimate cost of
production

Accelerate
Development of
Existing
Fabrication
Techniques

Develop New
Approaches/
Alternate
Fabrication
Techniques

FABRICATION PATHWAYS
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Exhibit 5.2 Substrate Development and Characterization

R&D Activities
2002 2003 2004 PERFORMANCE INDUSTRY
Present 2005 TARGETS -2005 [l NEEDS 2010
« |dentify, explore, « Cost of substrate
R&D NEEDS/ selectreject should be below $1
KNOWLEDGE <= Increase process rate —% alternate materials for one meter
GAPS anc:] deposition « Continuous systems
<— Reduce surface defects — techniques for manufacturing
- Understanding of basic « Cost should be of kilometer length
‘ <— Improved buffer layers —» concern substrates
mechanisms of the
texturing processes « Continuous systems * New texturing
- Understand: texture Select/develop Analytical Develop Develop substrate for texturing should processes with better
requirements, cost appropriate methods to instrument to QA tool (prior to be developed for quality and high
implications, materials with screen substrates | | monitor substrate HTS deposition) Imo“‘ihtha” 100m manufacturing rates
roughness respectto : : eng « Will have low-
tolerances, magnetic thermal, electrical, Investigate Realtime measurements of grain « Better understanding cost,nonmagnetic
requirements, and mechanical interfacial alignment to achieve Ic coverage of of basic texturing substrate at greater
starting materials properties relationships most of the tape processes than kilometer
uniformity, limits on between layers « Devel  of lengths
secondary and dependence evelopment o _ _
recrystallization . of final metal standar_ds for needed . _Partne(smps with
RABITS substrate texture properties industrial metal
* Better controls fmf understanding on starting « Better understanding fabricators
continuous texturing anq develop microstructure of interfaces
« Understanding of ;?ngnt%élesc?gology and chemistry mechanisms
interfaces between produce between substrate
substrate layers consistent long Resgarch in developing simplified layers
« Development of lengths architecture (low cost) « On-line diagnostics
methods to characterize before HTS
mechanical and Demonstrate reet - deposition
physical properties to-reel IBAD °Invest[g_ate new Optimization of
operation deposition texture in Ni-alloy
techniques (or others)
Demonstrate 1ISD *Pursue non-
on short-length IBAD/RABITS Complete uniform
samples approaches coverage of thin
IBAD MgO

Develop smooth,
low-cost hastelloy
platform for IBAD
and ISD templates
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Exhibit 5.3 Simplified Buffer Layer Architecture

R&D Activities
2002 2003 2004 PERFORMANCE INDUSTRY
Present 2005 TARGETS 2005 [l  NEEDS 2010
R&D NEEDS/
KNOWLEDGE Buffer Layer > | Deposition |—> | Optimization |
GAPS investigations
* Production volume R - * Develop a high Test for: eddy current,
. Investigate new rate, better hysteresis J, dielectric
* Non-(Ni-alloy) work bul_f;ettrisce match aligned, loss across buffer
« Non-vacuum success - Chemicall reproducible layers, mechanical and « Ni-alloy « Large scale
) aty buffer layer thermal properties ) roduction
p
« Total understanding of compatible process - Non-magnetic
i - Low cation/ « Standard duct
buffer design oxygen - All non-vac « High yield strength andard produc
« Ni substrates diffusion buffers and on « Develop texture N « Other substrates?
- High purity need - High rate Nk-alloys: sensor for fabrication on-vacuum « No buff
- Small batches > depositi cheap process processing 0 butter
| eposition . I approaches
high cost - ondine. in situ « High rate/thin films
* RABITS « TEM studies of Understand sok XRD, ED « Wide web - Treated substrate
. i s RHEED? -
+YSZ, CeO, deposited ;ﬂ:ﬁrfaces and gel thin film gellipsomgtrs);rg?r « Single thin layer for Alternate substrate
by vacuum process hologi process porosity, buffer deposition IBAD - Improved/alternate
complicated process morphologies cracks, thickness . . ion/deposition
« Surface studies, hew precursors » Simple architecture method
* Sol-gel—unproven growth of for ISD
buffi Ni ) o )
« IBAD/ISD urrers on Ni Elminate firet « 1-2 buffers Multi-sided coating
- YSZ too thick seed layer in « Dual sid )
- MgO needs further Computer RABITS ual side coating
development — software for new
capping |ayer materials
- Requires smooth « Develop a
Substrate Alternate to MgO simpler buffer
* Architecture as IBAD film but Iayer
- 2-4 buffers with good lattice archltecturc_e
- Ceramic oxides match to YBCO - Conductive
buffer layer
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Present

R&D NEEDS/

KNOWLEDGE
GAPS

Exhibit 5.4 Improved YBCO Quality

R&D Activities

2002 2003 2004
— = 2005

« Universal J. decrease
as thickness increases

* Suspects:

- Pinning

- Voids

- Cracks

- Roughness

- Sub reaction

- Cation disorder

- Substrate oxidation

- A-axis grains

- Degradation: time
and atmosphere

How do speed of
deposition and
thickness of SC layer
affect J.?

Getting around the
limitation caused by
high angle grain
boundaries

Investigate
microstructure
evolution during
various types of
processing, including
electron microscopy
and theoretical
modeling. (Apply all
characterization tools
on all scale lengths)
* Quenching: stop
the process in the
middle
* lon bombardment
* In-situ
* Modeling

Identify characteristic
defects of the various
thin-film processes

*« MO imaging
*TEM,SEM

carry

* Do

Conduct research on
the chemistry and
physics of grain
boundaries and how
that relates to current

 Electron beam
micro
characterization

« Grain boundary
thermodynamics
and kinetics

« Electromagnetic
characterization

ing capacity

ping processes

Elimination of
chemical interaction
with buffer layer

Classify defects

« Cross-section
limiting defects

« Flux pinning
enhancing defects

Elimination of most

macroscopic problems

* Reduce GB
misorientation

PERFORMANCE

TARGETS -2005

INDUSTRY
NEEDS 2010

« Understand defects
and causes or
mechanisms

« Understand process-
specific mechanisms
by which a current
limit is determined for
long lengths >1 km

*«500 A/lcm 77K, self-
field (move
evaluation to
operating field,
~0.5T)

Better

understanding of
which mechanisms

dominate

* Better
characterization on
long length
segments

« In-situ processing
characterization
equipment

*Athorough
knowledge of
parameter space
involved in making
long lengths

*Understand
- Layer growth
- Fluxpinning
- Microstructure
- Defects process

+High J in thick films
- 2500 Alcm
- 1,000 A/lcm
conductor in km
length

eIncrease YBCO
engineering
characteristics
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Exhibit 5.5 Faster Deposition Rates

R&D Activities
2002 2003 2004 PERFORMANCE INDUSTRY
Present 2005 TARGETS 2005 [ll  NEEDS 2010
R&D NEEDS/
KNOWLEDGE
GAPS

« Faster deposition

processes for (high Develop faster and

through put, lower cost) more reproducible
* Lack of understanding methods for

] P —

about microstructure — fabricating both

performance, |, templates and YBCO

(thickness), J, (rate, films

thickness). Target life.
* BaF, —what are the Determine Develop method(s) to ' F;Ifg;ﬁzpeoxs-::sur; on

limits to the conversion processing parameter increase YBCO textured substrates » Well understood,

rate and thickness? space for YBCO productlon rates, (conversion reaction) faster, simpler,

increase area P
STATUS: * Large area deposition * Enhanced PLD and deposition processes
RABITS tc"?d”]ftde”d“_rt"?‘”ce technology other vapor - Rate —100 m/hr/1 cm
€sts ot deposition deposition process andl 3500 A, 77K
* Heat Treat! t: Im/h i pC ¢ ) )
ear Treaiment: Zmir techniques efficiency by 5X to S.F.
« Buffer: 20 hr/m 10X
* Ex Situ YBCO: 4 hr/m Develop other,
Develop ex situ inherently faster * Rate 50 m/hr/1 cm

IBAD conversion technology fabrication techniques width and |, * 200A
*YSZ: 16 hr/m 77k, S.F.
*MgO: 5 min/m
* PLD/YBCO: 3.5 min/m Equipment
* ISD: 1m/hr development
3,.2001 * High power, low-cost
«IBAD YSZ/PLD YBCO: F“'S_ed lasers

~1 MA/cm2, 1m * In-situ sensors
* IBAD MgO/PLD YBCO:

1 MA/cm?, 12-cm
* RABITS/Ex-Situ YBCO:

0.2 MA/cm?, ~20 cm
* ISD — Sumitomo: 0.2

MA/cm?2, 5.6m
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Present

R&D NEEDS/

KNOWLEDGE
GAPS

* Limited experience with
process sensor and
control

* Too many candidate
processes to evaluate
in detail

« Understanding of
cause/effect for
manufacturing
techniques and specific
microstructure
uniformity and
characteristics

STATUS:

* IBAD and RABITS
microstructure: phi=12
degrees; omega=12
degrees; grain
boundary=6 degrees

*IBAD and RABITS
architecture:
Hastelloy/SiN,/MgO/
YSZ/CeO,/YBCO

« ISD template: phi scan
FWHM =15 degrees

Exhibit 5.6 Process Monitoring & Control Strategies/Methods

2002 2003 2004
—> 2005

R&D Activities

Relate performance
loss to specific
process flows, so we
know what to monitor

Evaluate Experiments Develop in- In situ study of In situ
monitoring || to determine || situ process || buffer and |—» | characteri
options what can be monitoring superconduct zation of long
detected and and diagnostic or layer lengths.
Narrow down X o .
number of influences of capability growth-high
candidate changed Conversion to temperature
parameters to ) ; XRD.
processes. correct real-time, if
process warranted.
Increase
reliability and
correlation.
Demonstrate Develop “on-line, in-
magneto- o plant” materials
resistive Lr(l)s;trzlprocess characterization
i instruments/
fgﬁhr}f#ir?n technology (for diagnostics
g 'eng high yield)

PERFORMANCE

TARGETS -2005

INDUSTRY
NEEDS 2010

Develop on-line
process feedback
control

Realtime J,

Online monitoring
of texture

(related) monitor
and feedback

Real-time in situ
Raman spectroscopy

Convert batch
processes 2>

for |, paths)
« Stress (tension)
monitoring

continuously (especially

« Evolve current batch
processes >
continuous

« Lab technology to
manufacturing
environment

Put in place reel-to-reel
grain boundary mapping
machine

Real time
measurement of
grain alignment, |,
coverage of most
of tape

» Reproducibility
methods to produce
desired
microstructure and
architecture

« In situ monitoring of
texture (roughness,
porosity, thickness,
YBCO, intensities,
tension, stress)

* To determine
necessary changes to
process parameters
(temperature,
pressure, orientation,
speed of tape
process)

* Result: better
product. Make
adjustments when
quality begins to
degrade. Stop
process when
degradation reaches
a limit

e Aim is in—situ reat
time self directed
processing

 Microstructure: phi-
scan <6 degrees;
omega-scan <6
degrees; grain
boundary <3 degrees

* Architecture:
IBAD/RABITS/ISD
smooth hastelloy,
improved textured Ni
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Present

R&D NEEDS/
KNOWLEDGE

GAPS

* Substrate development
 Grain boundary studies

» Manufacturing
technology for
patterning flat tape into
narrow filaments

« Design of conductor
« Buffer layer properties

» Materials properties
(flux pinning, etc.)

« Compatible
passivation/insulation
layers

Exhibit 5.7 Conductor Characterization

R&D Activities

2002 2003 2004
— = 2005

Stability and protection study of
20 cm ~100 cm longer samples

Develop functional
approach to obtain

Measure AC losses in various
prototype coated conductor:
model, simulate, calculate

substrate architecture
to yield high electric

and thermal

Integrated stability
protection, loss
analysis

conductivity

COATED CONDUCTOR
PRODUCT DEFINITION

PRODUCT

DEFINITION

GENERIC
CONDUCTOR
CONFIGURATION

Achieve AC loss
specification
<0.1 W/kAem

Develop functional in-
depth, 3-D models for
electric and thermal

stability and protection

Develop
passivation/insulation
layers

Conductor electro-
mechanical R&D

System design:
Alternate approaches
for protection (in
system engineering)

Patterning for
filament-like
macrostructure

field range 0-25T

|, measurements in the
temperature range 4K-77K and

« Alloy substrate yield
strength non/low
mag. 1-100 meter
compatible YBCO
process. What alloy
is needed for each?
Is pure Ni
acceptable?

« Different widths
(optimize)

« Standards to test
against—testing
system for products

so know what is
made/bought (Q/C)

*High | over lengths
(500 A/cm)

*Quench protection
stabilizer—protection
when it goes normal

*200 Amps
«4mm wide

* Maximum thickness
100m

*Bend radius >.01 m

« Conductor
configuration
(generic)
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Present

R&D Activities

2002 2003 2004
— — 2005

Exhibit 5.8 Production Scale-Up (Industry-Led)

PERFORMANCE INDUSTRY
TARGETS -2005 NEEDS 2010

R&D NEEDS/ » Continuous method *Rapid deposition
KNOWLEDGE for long length in a speed
GAPS single pass process )
) : *Long length (yield
Investigate long for higher quality .g . gth (yield)
« Uniformity length continuous — control * Uniformity
- Grain alignment processing issues in Develop on-line, in- * Process controls for *Quality
- Fabrication defects new reekto-reel plant materials YBCO deposition, )
- Substrates system designs characterization . uniform properties - Electric
+ Equipment engineering instruments/diagnostics over 1 km +5% - Magnetic
. 1S'r(1:|(|:§§2rdouble sided « Real time quality - Mechanical
; Develop low-cost fabrication of control, uniform .
- Correlate improvements . .
with costs i long lengths (~1 km) with high J, properties over Reproducibility
- Multi-layer R&D to get around length (x10%) «Scale
the weak links . - - .
- Research in the areas of non- L(m) = ~1 km * Cost effective
vacuum deposition processes * | (A)/width=500/cm «High throughput (50
(MOD, sol-gel, wire, LPE, etc. « J(Alcm?)=10° m/h)

Develop high volume
production equipment

Design and build
systems capable of
fabricating 1000 m
lengths

*J.(A/cm?)=5-10x10*

*Achieve | >100A and
J.>1 MA/cm?in
kilometer length
conductor,
commercially
available,
economical

eL(m)=~1km

¢l (A)/width=1000/cm
*J.(A/lcm?)=10¢
*J(Alcm2) =>105

« Capital for high-
volume production
equipment
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Present

R&D NEEDS/

KNOWLEDGE
GAPS

Exhibit 5.9 End-User Applications (Industry-Led)

long lengths
* Long-length

« Splice techniques

« Practical conductor with
uniform properties over

Stability and
protection study of 20
mm to 100 mm length
samples

* Mechanical properties

R&D Activities

2002 2003 2004
<4— Ongoing —» 2005

Annual review of CC
status and impact on
<— end-user applications [

(what would it take to
help end-users use it)

Build “small” coils and evaluate
stability and protection behaviors

PERFORMANCE INDUSTRY
TARGETS -2005 NEEDS 2010

Conductor geometry: definition
and optimization for applications
(cable magnet, AC/DC,
transformer)

Develop joining and
repair techniques

| Fabricate application specific prototypes

Measure AC losses in various
prototypes. Model, simulate,
calculate.

Ic measurements in the
temperature range 4K to 77K
and field range 0 to 25T

* Robust, reliable,
long-length coated
conductors 1 km
(can be wound into
coils)

*Low AC loss—
reduce/avoid loss
(eddy current,
hysteresis in
substrate, less than
0.10 w/kA-m

« Connection and
repair issues—
should be reliable to
be wound as motors,
generators,
transformers,
transmission cable
lengths

« Conductor should be
reliable and
repairable

* Applications
- Power cables AC
- Power cables DC
- Transformers AC
- DC magnets

*Make coated
conductors magnet-
grade conductors,
readily available
commercially, high
field performance
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6.0 The Road Ahead

Thisroadmap setsforth the priority R& D activities and the direction that will lead to the
economical commercid manufacturing of high-temperature superconducting coated conductors
for electric power gpplications.

Asthe exhibitsin Section 5 demondrate, virtudly dl the “R&D Activities’ require coordination.
HTS coated conductor development is consdered to be a prime opportunity for organizationsto
work together. Thisroadmap will be used as afoundation for pursuing collaborative projectsto
achieve the vison. Continuous processing needs to be set up at the nationa |aboratories so they
can act as the advance team or “technology scouts’ to reduce risks and costs to the private sector.
Expertise and capabilities need to be transferred to private companies. The national |aboratories
develop the scientific and materids processing understanding underlying the technology. The
laboratories strengthen and expand their capakiilities by working with universitiesin reseerch
amed at addressing fundamenta technologicd issues. The laboratories aso work closdy with
industry by providing access to facilities and equipment and by arranging technica personnel
exchanges. Successful technology transfer requires ateam effort from national laboratory
facilitiesand industry. For example, both Oak Ridge Nationd Laboratory and Los Alamos
Nationa Laboratory have set up separate high quality laboratory spaces for use by DOE
laboratories and their indudtrial partners. The laboratories will develop new equipment needed
for more rapid preparation and characterization of coated conductors. Industry will take the lead
in any subsequent production scale-up activitiesaswell as activitiesamed a satisfying end-user
gpplication needs in the commercid marketplace.

Specid effortswill be made to link the pursuit of the roadmap’s R& D performance targets and
activities with the R& D activities of the DOE Superconductivity for Hectric Systems Program.
As asponsor of this roadmapping effort, DOE recognizes the importance of the availability of
high-qudlity, low-cog high-temperature superconductivity coated conductors to meet the future
chalenges of the eectric power industry thereby enhancing U.S. energy management and
efficiency and our international competitiveness.
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